Abstract: Three chromosomal regions associated with scab resistance were detected in a common cultivar, Ning7840, by microsatellite and AFLP analysis. Six microsatellites on chromosome 3BS, Xgwm389, Xgwm533, Xbarc147, Xgwm493, Xbarc102, and Xbarc131, were integrated into an amplified fragment length polymorphism (AFLP) linkage group containing a major quantitative trait locus (QTL) for scab resistance in a mapping population of 133 recombinant inbred lines (RILs) derived from 'Ning7840' × 'Clark'. Based on single-factor analysis of variance of scab infection data from four experiments, Xgwm533 and Xbarc147 were the two microsatellite markers most tightly associated with the major scab resistance QTL. Interval analysis based on the integrated map of AFLP and microsatellite markers showed that the major QTL was located in a chromosome region about 8 cM in length around Xgwm533 and Xbarc147. Based on mapping of six microsatellite markers on eight 3BS deletion lines, the major QTL was located distal to breakage point 3BS-8. In total, 18 microsatellites were physically located on different subarm regions on 3BS. Two microsatellites, Xgwm120 and Xgwm614, were significantly associated with QTL for scab resistance on chromosome 2BL and 2AS, respectively. The resistance alleles on 3BS, 2BL, and 2AS were all derived from 'Ning7840'. Significant interaction between the major QTL on 3BS and the QTL on 2BL was detected based on microsatellite markers linked to them. Using these microsatellite markers would facilitate marker-assisted selection to improve scab resistance in wheat.
Introduction
Wheat scab, also called Fusarium head blight, is caused by several Fusarium species and is a destructive disease of wheat worldwide (Bai and Shaner 1994; Mesterhazy 1995; Schroeder and Christensen 1963) . This fungal disease has the capability to destroy potentially high-yielding wheat within a few weeks of harvest. Wheat head scab results in reduced yields and milling quality, and discolored, shriveled, and mycotoxin-contaminated "tombstone" kernels (Bai and Shaner 1996; McMullen et al. 1997) . Although several Fusarium species can cause scab in North America, Fusarium graminearum is primarily responsible for recent scab epidemics (Atanassov et al. 1993; Bai and Shaner 1996; Parry et al. 1995; Wong et al. 1995) . Five types of scab resistance have been proposed (Mesterhazy 1995) . Type II, resistance to pathogen spread in infected tissue (Schroeder and Christensen 1963) , has been studied most extensively and is easier to assess quantitatively than other types. Injecting conidial mixtures of F. graminearum into a middle spikelet of a flowering spike is commonly used for evaluation of type II resistance (Bai et al. 1999; Waldron et al. 1999) .
Inheritance of type II scab resistance has been studied using classical, cytogenetic, and molecular approaches. Results from classical and cytogenetic research indicated that scab resistance is quantitatively inherited and that the underlying quantitative trait loci (QTL) are distributed on different chromosomes. Because of the diverse sources of resistance and the difficulties in quantifying scab resistance, all chromosomes, except for chromosomes 1A, 6A, and 1D, have been reported to possess loci for scab resistance from various sources Buerstmayr et al. 1999; Kolb et al. 2001; Yao et al. 1997; Yu 1982 Yu , 1991 . The discrepancies among the reports may be due to the differences in research approaches used, variation in genetic materials, and scab resistance evaluation techniques.
In addition to classical and cytogenetic methods, molecular markers provide another approach for manipulating quantitative traits like scab resistance. Random amplified polymorphic DNAs (RAPDs), restriction fragment length polymorphisms (RFLPs), amplified fragment length polymorphisms (AFLPs), and microsatellite markers have been used to map scab resistance genes (Bai 1995; Bai et al. 1999; Waldron et al. 1999; Anderson et al. 2001; Buerstmayr et al. 2002) . Bai et al. (1999) analyzed 133 RILs derived from a cross of 'Ning7840' (resistant) × 'Clark' (susceptible) with AFLP markers and identified one major QTL for scab resistance that explained almost 60% of the phenotypic variation for type II scab resistance in that population. Based on AFLP markers, the QTL was tentatively thought to be on 7B; however, integration of SSR markers showed that the QTL is on 3BS (Zhou et al. 2000 and this paper). Waldron et al. (1999) identified several QTL for scab resistance by analyzing RFLP markers in 112 F 5 -derived RILs from the cross between 'Sumai 3' (resistant) and 'Stoa' (moderately susceptible). Two major QTL were located on 3BS of 'Sumai 3' and 2AL of 'Stoa', respectively. Two other genomic regions of 'Sumai 3' and one genomic region of 'Stoa' also showed significant association with scab resistance. The most informative RFLP marker in the 3BS region explained 15.4% of the phenotypic variation in that mapping population (Waldron et al. 1999 ). Later, Anderson et al. (2001) reported several microsatellite markers linked to the same QTL for scab resistance on 3BS. Subsequently, other groups have confirmed the association of several microsatellites with a QTL for scab resistance on 3BS (Buerstmayr et al. 2002; Chen et al. 2000; Gupta et al. 2000 Gupta et al. , 2001 Zhou et al. 2000) . Buerstmayr et al. (2002) reported three chromosome regions associated with scab resistance in a double-haploid mapping population with 'Sumai 3' as the resistant parent. The most prominent effect was detected on chromosome 3BS, explaining up to 60% of the phenotypic variation for type II resistance (Buerstmayr et al. 2002) . The subarm physical location of the QTL for type II scab resistance on 3BS has not been reported.
In comparison with other PCR-based markers, microsatellite markers are more chromosome specific in wheat (Bryan et al. 1997; Röder et al. 1995) ; therefore, microsatellites are useful for the determination of physical locations of QTL. The first microsatellite map of wheat consisted of 279 loci amplified by 230 primers (Röder et al. 1998b ). These microsatellites were integrated onto an RFLP genetic framework map constructed previously from the 'Opata' × 'W7984' population (Röder et al. 1995) . Microsatellite markers in this map have been successfully used to identify Vrn1 and Vrn-D1 genes for vernalization response (Korzun et al. 1997; Snape et al. 1997 ) Rht12 and Rht8 genes for reduced plant height (Korzun et al. 1997; Korzun et al. 1998 ), a grain protein QTL (Prasad et al. 1999 ), a gene for powdery mildew resistance (Liu et al. 1998) , Lr13 for leaf rust resistance (Seyfarth et al. 1998) , YrH52 for yellow rust resistance, (Peng et al. 1999) , and S1, S2, and S3 genes for the induction of the sphaerococcoid mutation (Salina et al. 2000) .
Different types of aneuploid stocks including a series of nullitetrasomic and ditelosomic lines have been developed in wheat and are available for molecular genetics studies (Sears 1954 (Sears , 1966 . These genetic stocks are powerful tools for locating a molecular marker to a specific chromosome (Anderson et al. 1992 ). Endo and Gill (1996) created a set of 436 deletion lines and identified the chromosome breakage points based on C-banding patterns. Detailed deletion maps for individual breakage points on the 21 wheat chromosomes have been published (Delaney et al. 1995a (Delaney et al. , 1995b Faris et al. 2000; Gill et al. 1993; Gill et al. 1996a Gill et al. , 1996b Hohmann et al. 1994; Kota et al. 1993; Weng et al. 2000; Werner et al. 1992) . These deletion stocks are useful materials for physical mapping of genes to specific chromosome segments. High-density mapping using the deletion lines also permits mapping of proximal regions of chromosomes that cannot be resolved by recombination (Endo and Gill 1996; Werner et al. 1992) . Using the deletion lines, Faris et al. (2000) constructed a detailed genetic and physical map of one highly recombinant region on the long arm of chromosome 5B.
Our objectives in this study were to identify potential scab resistance QTL with microsatellites and to locate the QTL identified previously (Bai et al. 1999 ) to a subarm region of a specific chromosome.
Materials and methods

Plant materials
'Chinese Spring' and derived aneuploid lines were used for physical mapping of microsatellite markers associated with scab resistance QTL. Thirty-five nullitetrasomic lines (lacking lines Nulli (N) 2A Tetra (T) 2B, N2AT2D, N4BT4D, N4BT4A, N4DT4A, N5BT5A, and N6BT6D from the complete set), 32 ditelosomic lines (excluding for 2AL, 4AS, 5AS, 2BS, 4BL, 5BS, 3DS, 3DL, 5DS, and 7DS), and eight deletion lines for chromosome 3BS were obtained from the Wheat Genetics Resource Center, Kansas State University, Manhattan, Kans. The order of the breakage points of these deletion lines from telomere to centromere is 3BS-3, -8, -7, -6, -9, -2, -1, and -5 (Endo and Gill 1996) . Fraction length (FL) for each deletion line was previously calculated by Endo and Gill (1996) . The FLs of these deletion lines are as follows: 3BS-3, FL = 0.87; 3BS-8, FL = 0.78; 3BS-7, FL = 0.76; 3BS-4, FL = 0.55; 3BS-2, FL = 0.56; 3BS-6, FL = 0.57; 3BS-9, FL = 0.57; 3BS-1, FL = 0.33; and 3BS-5, FL = 0.20 (Endo and Gill 1996) . Higher FL for a deletion line means a smaller segment was deleted from the distal end of the chromosome arm.
The mapping population was a set of 133 F 9:11 RILs from a cross of 'Ning7840' and 'Clark' developed by single-seed descent (Bai et al. 1999) . 'Ning7840' ('Aurora'/'Anhui 11'//'Sumai 3') is a Chinese wheat cultivar with a high-level of type II scab resistance. 'Ning7840' and its ancestor 'Sumai 3', another scab-resistant cultivar, have been extensively used as resistant parents in breeding programs worldwide. 'Clark', a winter wheat cultivar from Indiana, is very susceptible to scab spread within a spike. F 4:5 , F 5:6 , and F 6:7 generations of all RILs were evaluated for type II scab resistance in the greenhouse at Purdue University (West Lafayette, Ind.) from 1994 to 1995, and F 9:10 plants were evaluated in the greenhouse at the University of Illinois (Urbana, Ill.) in 1998 (Bai et al. 1999) . For each experiment, RILs and their parents were randomly arranged in greenhouse benches. Between 9 and 16 plants of each RIL grown from seeds of a single spike were inoculated in each generation; at least one head per plant was inoculated. When two or more heads from the same plant were inoculated, heads were treated as subsamples. Each RIL was advanced by single-seed descent to the next generation. In each generation, individual plants served as subsamples (Bai et al. 1999) . Phenotypic data for scab resistance were obtained by injecting about 1000 conidiospores of F. graminearum into one central floret of a spike as described by Bai et al. (1999) . The collection and sources of the six isolates of F. graminearum used for scab evaluation inoculum were described by Bai and Shaner (1996) . The area under disease progress curve (AUDPC) and percentage of scabbed spikelets (PSS) 21 d after inoculation were used to measure scab spread within a spike after single-point inoculation. AUDPC was calculated from the PSS 3, 9, 15, and 21 d after inoculation. The mean broad-sense heritability for type II resistance was 0.86 and ranged from 0.79 to 0.91 for both AUDPC and PSS in the four greenhouse tests (Bai et al. 1999 ).
DNA isolation
About 10 plants of each F 9:11 RIL were grown for 4-5 weeks in the greenhouse of the University of Illinois for DNA isolation. A bulk of leaf tissue from 10 plants of each line was harvested, and frozen in liquid nitrogen. The frozen tissue (~5 g) was ground with a mortar and pestle and the powder transferred to a 50-mL polypropylene tube. Extraction buffer (0.5 M NaCl, 0.1 M Tris-HCl (pH 8.0), 50 mM EDTA, 0.84% w/v sodium dodecyl sulfate, and 3.8 g sodium bisulfate/L added freshly before use, pH adjusted to 8.0 with NaOH) was heated to 65°C, and about 15 mL of the buffer was quickly added to the frozen tissue and incubated at 65°C for 30 min. About 15 mL of a mixture of chloroformisoamyl alcohol (24:1) was then added, mixed vigorously, and centrifuged at 5000 rpm for 15 min. The upper phase was transferred carefully into a new tube and DNA was precipitated with 2.5 volumes of cold 95% v/v ethanol. The precipitated DNA was washed in 70% v/v ethanol twice, dried in TE buffer, and quantified using a Beckman DU-7 spectrophotometer (Fullerton, Calif.).
Microsatellite analysis
Three hundred and twenty-eight pairs of microsatellite primers were synthesized by Life Technologies Inc. (Frederick, Md.). Of them, 103 were Xgwm microsatellites from Röder et al. (1998b) , and 183 were Xbarc microsatellites from Dr. P.B. Cregan (USDA-ARS, Beltsville, Md.). In addition, Dr. M.D. Gale (John Innes Center, Norwich, U.K.) kindly provided 42 Xpsp microsatellites. PCRs were performed as described by Röder et al. (1998b) . Amplified PCR products were run in either 2.0 or 2.5% agarose gels with 1× TBE buffer (0.1 M Tris, 0.09 M borate, 2 mM EDTA (pH 8.0)) at 150-200 V for 1-2 h. Gels were stained with ethidium bromide, visualized under ultraviolet light, and photographed.
AFLP analysis
AFLP analysis was carried out as described by Bai et al. (1999) .
Data analysis
Simple regression analysis was used to calculate the coefficients of determination (R 2 ) for each marker. R 2 is an indicator of the proportion of the total phenotypic variance explained by the marker. SAS version 8.0 (SAS Institute Inc. 2000) was used for variance and regression analysis. The computer program MAPMAKER version 2.0 for Macintosh (Lander et al. 1987 ) was used to construct a molecular linkage map using the Kosambi mapping function (Kosambi 1944) . Markers were grouped with a threshold loglikelihood ratio (LOD) of 3.0. Interval analysis was performed using Qgene software (Nelson 1997) .
Physical mapping of microsatellite markers
To determine the chromosome and arm location of microsatellite markers, nullitetrasomic and ditelosomic lines were analyzed with target microsatellite primers by scoring the presence or absence of specific microsatellite bands. The deletion lines from the target chromosome were used for further determination of the subarm location of the mapped microsatellite markers.
Results
Polymorphic microsatellite markers between 'Ning7840' and 'Clark'
In total, 328 microsatellite markers were analyzed on 'Ning7840' and 'Clark', and 84 of them were polymorphic between the two cultivars. The 84 polymorphic microsatellites were analyzed on all RILs. Six markers on 3BS, Xgwm389, Xgwm533, Xbarc147, Xgwm493, Xbarc102, and Xbarc131 were tightly linked to the AFLP markers flanking the major QTL for scab resistance. The order of the six linked markers was determined to be Xgwm389, Xgwm533, Xbarc147, Xgwm493, Xbarc102, Xbarc131. In addition to the six microsatellites on 3BS shown above, other microsatellites from the 3B map were also analyzed, but only Xgwm340 on 3BL was polymorphic between 'Ning7840' and 'Clark'. However, a significant association was not detected between Xgwm340 and the major QTL for scab resistance.
The major scab resistance QTL on 3BS
Significant associations were consistently detected between the six microsatellites (Xgwm533, Xgwm389, Xgwm493, Xbarc147, Xbarc102, and Xbarc131) and scab resistance of the RILs (based on the data from four greenhouse tests). The allelic substitution effects ranged from 16.3 to 44.3 for PSS and from 1.75 to 4.72 for AUDPC (Table 1). In all four tests, Xgwm533 had the greatest difference between groups of resistant and susceptible lines. AUDPC distribution of two allelic classes for microsatellite Xgwm533 is shown in Fig. 1 . Two groups of RILs with contrasting alleles of Xgwm533 showed two distinct peaks, indicating a high association between scab resistance and the Xgwm533 allele from 'Ning7840'. All six microsatellite markers showed significant R 2 values (Table 2 ). In the F 9:10 , Xgwm389, Xgwm533, Xbarc147, and Xgwm493 explained 36, 48, 45, and 34% of the phenotypic variation for scab resistance (AUDPC), respectively. Microsatellite markers Xgwm389, Xgwm533, and Xgwm493 were mapped on chromosome 3BS in a previous study (Röder et al. 1998b ). Microsatellite analysis of the 'Chinese Spring' nullitetrasomic and ditelosomic lines with the three microsatellite primers further confirmed that result. Because Xgwm389 and Xgwm493 flank the major QTL for scab resistance from 'Ning7840', the major QTL previously mapped using AFLPs (Bai et al. 1999 ) was assigned to chromosome 3BS.
Subarm physical mapping of the major scab-resistance QTL and microsatellites on 3BS
The six microsatellite markers were analyzed on eight 'Chinese Spring' deletion lines from chromosome 3BS. The sub-arm physical locations of these microsatellite markers were determined by scoring presence and absence of each microsatellite marker on deletion lines. Xgwm389 amplified a band in 'Chinese Spring', a 3BS ditelosomic line, 'Ning7840', and 'Sumai 3' with the same molecular weight, but the band was not present in any of the eight deletion lines or the 3BL ditelosomic line. Therefore, Xgwm389 is located distal to breakage point 3BS-3 (Fig. 2) . For microsatellite Xgwm533 or Xgwm493, one band for each was detected only in 'Chinese Spring', its 3BS ditelosomic line, and deletion line 3BS-3, but not in other deletion lines of 3BS. The bands had the same molecular size as the polymorphic bands between 'Ning7840' and 'Clark' (Fig. 3) . These results indicate that Xgwm533 and Xgwm493 are located between breakage point 3BS-3 and breakage point 3BS-8 on chromosome 3BS. Xbarc147 was also physically located between breakage point 3BS-3 and 3BS-8 and it was further located between Xgwm533 and Xgwm493 based on their relative linkage position. Similarly, Xbarc102 and Xbarc131 were also located between breakage point 3BS-3 and 3BS-8. Because Xgwm493 and Xgwm389 flanked AFLP markers and microsatellite markers that explained the greatest phenotypic variation for scab resistance ( Fig. 2 ; Table 2), they flanked the major QTL previously identified by AFLPs. These results suggest that the major QTL is distal to breakage point 3BS-8 (Fig. 2) . Based on interval analysis of AFLP and microsatellite markers on 3BS, the major QTL was located within a region about 8 cM in length flanked by Note: *, significant at the 0.05 probability level in the analysis of variance; **, significant at the 0.01 probability level in the analysis of variance. Values are the absolute differences between the two allelic groups. Table 1 . Effect of allelic substitution for eight microsatellite loci based on area under disease progress curves (AUDPC) and percentage of scabbed spikelets (PSS) 21-d after inoculation of F 4:5 , F 5:6 , F 6:7 , and F 9:10 plants. two AFLP markers, CTCG.AGC1 and GCTG.CGAC1 in the linkage map. Two microsatellite markers, Xgwm533 and Xbarc147, were flanked by the two AFLP markers and both located between 3BS-3 and-8 in the physical map. It is probable that the major QTL is located between 3BS-3 and -8. We analyzed the nine AFLP markers in the 3BS linkage group on 'Chinese Spring' nullitetrasomic lines, ditelosomic lines, and 3BS deletion lines, but they were not located on a specific subarm region on 3BS owing to lack of chromosome specificity.
In addition to the six microsatellite markers associated with the major scab QTL in the mapping population, 12 microsatellites have been mapped on 3BS using nullitetrasomic and ditelosomic lines. These microsatellite markers are not polymorphic between 'Ning7840' and 'Clark'. Using the 'Chinese Spring' deletion lines, all these microsatellites were physically located on different regions of the chromosome arm (Fig. 2) . Xbarc75 was located in the same region as Xgwm389, which was between the telomere and breakage point 3BS-3. Xbarc87 was mapped between breakage points 3BS-3 and -8, which contained Xgwm533, Xbarc147, and Xgwm493. Xbarc68 was located between breakage points 3BS-7 and -2. Xbarc73 was located between breakage points 3BS-2 and -1. Breakage points 3BS-2, -4, -6, and -9 are close to each other (Endo and Gill 1996) , and no microsatellite markers have been found to differentiate them. Xpsp3030, Xgwm72, and Xgwm285 were located between breakage points 3BS-1 and -5. Xbarc77, Xbarc84, Xgwm77, (Endo and Gill 1996) . Fig. 3 . An electrophoresis pattern of PCR products amplified by microsatellite Xgwm493 on an agarose gel (2.5%, 180v, 2 h). DNA samples from left to right are as follows: molecular weight marker (ΦX174-HaeIII +λDNA-HindIII) (1); 'Ning7840' (2); 'Clark' (3); 'Sumai 3' (4); 'Chinese Spring' (5); two nullitetrasomic lines (6 and 7); N3BT3A and N3AT3B; two ditelosomic lines (8 and9), DT3BS and DT3BL; eight 3BS deletion lines (10-17), [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] derived from the cross 'Ning7840' × 'Clark'. Xgwm264, and Xgwm376 were all mapped between breakage point 3BS-5 and the centromere (Fig. 2) .
QTL on chromosome 2BL and 2AS
Three microsatellites, Xgwm120, Xbarc101 and Xgwm148, and two AFLP markers, GCTG.ACGC2 and ACA.CTGA6, were mapped in the same linkage group on chromosome 2B. Among them, Xbarc101, two AFLP markers, and Xgwm120 were mapped on 2BL and Xgwm148 was mapped on 2BS. Xgwm120 and two AFLP markers showed significant association with scab resistance across all the four generations in the mapping population. Effects of allelic substitution for Xgwm120 based on area under disease progress curves (AUDPC) and percentage of scabbed spikelets (PSS) were all significant (Table 1 ). The coefficients of determination (R 2 ) values from simple regression analysis for Xgwm120 were significant and ranged from 0.04 to 0.07 for AUDPC and PSS in the four generations (Table 2) . However, significant associations were not found between microsatellites Xbarc101 and Xgwm148 and scab resistance. Interval analysis of this linkage group showed that the region flanked by Xbarc101 and Xgwm120 was associated significantly with scab resistance at LOD value of 2.0 (Fig. 4) .
Two microsatellites, Xgwm512 and Xgwm614, mapped in the same linkage group and covered a region of 16.5 cM on chromosome 2AS. Xgwm614 was significantly associated with scab resistance. The R 2 values for Xgwm614 ranged from 0.03 to 0.05 for AUDPC and PSS in the four experiments (Table 2 ). Xgwm512 was not significantly associated with scab resistance in this mapping population.
Interaction between microsatellites linked to QTL on 3BS and 2BL
Interval analysis showed that Xgwm533 and Xgwm120 were the two microsatellite markers most closely linked to scab resistance QTL on 3BS and 2BL, respectively. They were used to analyze the interaction between the two mapped QTL. The 133 RILs were separated into four genotypes based on combinations of two alleles at two loci from 'Ning7840' and 'Clark' (based on the two microsatellites). The four genotypes were homozygous alleles from 'Ning7840' at both loci, homozygous alleles on 3BS from 'Ning7840' and homozygous alleles on 2BL from 'Clark', homozygous alleles on 3BS from 'Clark' and homozygous alleles on 2BL from 'Ning7840', and homozygous alleles on both 3BS and 2BL from 'Clark'. Based on AUDPC and PSS from four experiments, RILs with homozygous alleles from 'Ning7840' at both loci were more resistant than other three kinds of RILs (Table 3) . The QTL on 3BS showed a significantly greater effect on scab resistance than the QTL on 2BL. RILs carrying only 2BL resistance alleles from 'Ning7840' did not show significantly greater scab resistance than RILs carrying both susceptible alleles from 'Clark' (Table 3) .
Discussion
In this study, the major QTL for scab resistance in 'Ning7840' previously mapped with AFLPs (Bai et al. 1999) was further located to a subarm physical region on 3BS with the aid of microsatellite markers and 'Chinese Spring' ditelosomic and deletion lines. A major QTL in 'Sumai 3' has been reported previously on 3BS (Waldron et al. 1999; and Anderson et al. 2001) . Other research groups have subsequently found a QTL derived from 'Sumai 3' on 3BS, and several microsatellites associated with this QTL have been reported by a number of groups using different populations (Buerstmayr et al. 2002; Chen et al. 2000; Gupta et al. 2000 Gupta et al. , 2001 Zhou et al. 2000) . We further confirm that a QTL in 'Ning7840' is located on 3BS. The results suggest that the major QTL has a major effect on type II resistance in various genetic backgrounds, and selection for scab resistance in the process of breeding 'Ning7840' maintained the chromosome region carrying this resistance QTL from 'Sumai 3'.
Mapping of microsatellite markers on 'Chinese Spring' 3BS deletion stocks revealed that the major QTL mapped with AFLP and microsatellite markers was located distal to breakage point 3BS-8. The major QTL is most likely located between 3BS-8 and -3. The deletion lines 3BS-8 and -3 could be used to screen potential markers such as RAPDs, RFLPs, STSs, and ESTs in the distal region of 3BS to construct a highly saturated map for subsequent map-based cloning of this QTL.
Physical mapping of all the available microsatellite markers on chromosome 3BS with deletion lines determined the locations of these markers. Eighteen microsatellite markers appeared to be dispersed along major physical regions on chromosome 3BS, although there are more microsatellites located close to the centromere and telomere. Röder et al. (1998a) reported that (GA) n and (GT) n dinucleotide microsatellites were randomly distributed on group 2 chromosomes. Compared with microsatellites located close to the telomere, those markers located close to the centromere appear to be less polymorphic between the two parents of our mapping population. Although we cannot make a linkage map for all these microsatellites on 3BS owing to the lack of polymorphism for some markers, the physical order of these microsatellite markers along the chromosome will be helpful to construct any linkage map that contains these markers. Xbarc75 and Xbarc87 have been located between the telomere and breakage point 3BS-3, and breakage points 3BS-3 and 3BS-8, respectively. They are physically closer to the major QTL conferring scab resistance than microsatellites proximal to 3BS-8. They should also be candidate markers in marker-assisted selection for the major QTL in cases where other markers are not polymorphic between parents of a breeding population. These two markers were also associated with scab resistance in the linkage map of Anderson et al. (2001) . In the present study, only 84 of 328 microsatellites were polymorphic between the two parents of the mapping population. Because some microsatellites can be polymorphic between one set of parents, but may not be polymorphic between another, more markers in the same region may provide more choices for markers to use in marker-assisted selection. For example, Xbarc75 and Xbarc87 showed polymorphism in 'Sumai 3' × 'Stoa' , but not in 'Ning7840' × 'Clark'.
Incorporation of scab-resistance QTL, especially the major one on 3BS, into adapted genetic backgrounds is important for the development of scab resistant cultivars. Evaluation of scab resistance is essential for the development of scab resistant cultivars, but scab resistance evaluation is laborious and time consuming and dependent upon variable biological and environmental conditions. Use of marker-assisted selection for scab resistance QTL should be very advantageous (Kolb et al. 2001) . The six microsatellite markers, Xgwm389, Xgwm533, Xgwm493, Xbarc75, Xbarc147, and Xbarc87 can be used for marker-assisted selection. Xgwm533 and Xbarc147 are most closely linked to the major scab-resistance QTL and can be used as two principal markers for marker-assisted selection for it.
All microsatellites mapped on 3BS can be detected by nonradioactive gel electrophoresis of PCR products. We analyzed each of the microsatellite markers twice on the mapping population. They showed consistent results. Therefore, these markers should be suitable for large-scale screening of breeding populations for scab resistance when 'Ning7840' or its derivative is one of the parents and polymorphism occurs between the parents. In this study, all the data were collected from agarose gel electrophoresis. Compared with silver staining, gel electrophoresis and visualization by staining with ethidium bromide saved both time and money. Based on the results from this study, marker-assisted selection using Xgwm533 and other microsatellites distal to 3BS-8 should aid in selecting plants with increased scab resistance (Fig. 1) .
Significant recessive epistasis of the major 3BS QTL over the QTL on 2BL based on the microsatellite markers in this study implied that marker-assisted selection for all three QTL would be more effective for improving scab resistance than selection for any one of them, even though the QTL on chromosome 3BS had a much greater effect on scab resistance than the QTL on 2BL and 2AS. The recessive epistasis might disappear when markers that are more closely linked with the QTL on 2BL are found. The two minor QTL could modify the expression of the 3BS QTL. Stacking all genes affecting scab resistance would enhance resistance significantly. If epistasis is occurring, marker-assisted selection based on the QTL on 2BL will be effective in increasing scab resistance only when selection is also performed for the major 3BS QTL at the same time. The resistance alleles on 3BS, 2BL, and 2AS were all derived from 'Ning7840'. When using 'Sumai 3' or its derived lines as the scab resistance source to select resistant varieties, selection of the major 3BS QTL is the highest priority. For efficient markerassisted selection, additional markers and molecular markers that are more closely linked to the QTL on 2AS and 2BL would be beneficial. Note: M 1 , resistant allele from Ning7840; m 1 , susceptible allele from Clark according to Xgwm533; M 2 , resistance allele from Ning7840; m 2 , susceptible allele from Clark according to Xgwm120; letters show the significance of difference among four genotypes. Table 3 . Detection of recessive epistatic effect of 3BS QTL on 2BL QTL using two microsatellites, Xgwm533 and Xgwm120.
